The infiltration of leukocytes into the central nervous system (CNS) is an essential step in the neuropathogenesis of multiple sclerosis (MS). Leukocyte extravasation from the bloodstream is a multistep process that depends on several factors including fluid dynamics within the vasculature and molecular interactions between circulating leukocytes and the vascular endothelium. An important step in this cascade is the presence of chemokines on the vascular endothelial cell surface. Chemokines displayed along the endothelial lumen bind chemokine receptors on circulating leukocytes, initiating intracellular signaling that culminates in integrin activation, leukocyte arrest, and extravasation. The presence of chemokines at the endothelial lumen can help guide the movement of leukocytes through peripheral tissues during normal immune surveillance, host defense or inflammation. The expression and display of homeostatic or inflammatory chemokines therefore critically determine which leukocyte subsets extravasate and enter the peripheral tissues. Within the CNS, however, infiltrating leukocytes that cross the endothelium face additional boundaries to parenchymal entry, including the abluminal presence of localizing cues that prevent egress from perivascular spaces. This review focuses on the differential display of chemokines along endothelial surfaces and how they impact leukocyte extravasation into parenchymal tissues, especially within the CNS. In particular, the display of chemokines by endothelial cells of the blood brain barrier may be altered during CNS autoimmune disease, promoting leukocyte entry into this immunologically distinct site. Recent advances in microscopic techniques, including two-photon and intravital imaging have provided new insights into the mechanisms of chemokine-mediated capture of leukocytes within the CNS.
Introduction
The infiltration of leukocytes into the central nervous system (CNS) is an essential step in the neuropathogenesis of multiple sclerosis (MS). Leukocyte extravasation from the bloodstream is a multistep process that depends on several factors including fluid dynamics within the vasculature and molecular interactions between circulating leukocytes and the vascular endothelium. An important step in this cascade is the presence of chemokines on the vascular endothelial cell surface. Chemokines displayed along the endothelial lumen bind chemokine receptors on circulating leukocytes, initiating intracellular signaling that culminates in integrin activation, leukocyte arrest, and extravasation. The presence of chemokines at the endothelial lumen can help guide the movement of leukocytes through peripheral tissues during normal immune surveillance, host defense or inflammation. The expression and display of homeostatic or inflammatory chemokines therefore critically determines which leukocyte subsets extravasate and enter peripheral tissues. Within the CNS, however, infiltrating leukocytes that cross the endothelium face additional boundaries to parenchymal entry, including the abluminal presence of localizing cues that prevent egress from perivascular spaces. This review focuses on the differential display of chemokines along endothelial surfaces and how they impact leukocyte extravasation into parenchymal tissues, especially within the CNS. In particular, the display of chemokines by endothelial cells of the blood brain barrier may be altered during CNS autoimmune disease, promoting leukocyte entry into this immunologically distinct site. Recent advances in microscopic techniques, including two-photon and intravital imaging have provided new insights into the mechanisms of chemokine-mediated capture of leukocytes within the CNS.
CNS vascular compartments

Vascular anatomy
Homeostasis of the CNS is maintained within strict limits by several specializations, both anatomical and immunological, that prevent Biochimica et Biophysica Acta 1812 (2011) [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] unrestricted access of cells, solutes and macromolecules to the brain parenchymal tissue. These anatomical specializations consist of a series of barriers, including the blood-cerebrospinal fluid (CSF) barrier that prevents free exchange of solutes between the blood and cerebrospinal fluid [1] [2] [3] . The blood-CSF barrier is due not to the presence of a specialized vascular endothelium, but rather to the presence of the choroid plexus epithelium in which the cells are linked by tight junctions and are responsible for secreting CSF into the brain ventricles. The blood brain barrier (BBB), which consists of the endothelial cells of the cerebral microvasculature and surrounding pericytes and astrocytic endfeet, has been well characterized in terms of its morphological and biochemical specializations [2] .
While the BBB is typically described as a monolithic entity, there is accumulating evidence of heterogeneity within the BBB [4] that varies depending on the vascular bed as well as the anatomical location of the blood vessels. This heterogeneity is evident in the peripheral vasculature as well and has been shown in gene expression microarray analysis comparing blood vessels of different organs, different caliber vessels, arteries and veins [5] , blood vessels and lymphatic vessels [6] , and tumor angiogenesis [7] . Relatively less is known about the differences within the cerebral vascular bed; however there appear to be differences in the expression of transporters between different caliber vessels. The efflux transporter P-glycoprotein has been found in cerebral capillaries but not in parenchymal or superficial venules and arterioles [8] , while differences in the expression of the Glut-1 transporter and the Transferrin receptor between different size cerebral vessels has also been noted [4] .
The heterogeneity of the vascular endothelium extends to the structural make-up of interendothelial junctions. In early studies, the organization of interendothelial protein strands was found to vary between arterioles, capillaries and venules in the periphery [9, 10] . Freeze fracture investigations revealed that arterioles and capillaries displayed complex, continuous junctional strands while junctional strands were fewer and more loosely organized in venules. Consistent with these observations, Nagy et al. observed that tight junctions of post-capillary brain venules were discontinuous and less complex than those of brain capillaries [11] .
Confirmation of these anatomical observations was provided by electrophysiological studies showing that in situ transendothelial electrical resistance (TEER) across rat pial arterioles were significantly higher than resistances measured across pial venules (mean values of 2050 and 800 Ω cm 2 respectively) [12, 13] , suggesting that arteriole tight junctions are more complex, as TEER values correlate positively with tight junction strand number and complexity [14, 15] . In addition, these studies highlight the fact that results of studying electrophysiological and ultrastructural features of pial microvessels may differ from those obtained by examining deeper cerebral cortical microvessels. Allt and Lawrenson reviewed the morphological and molecular differences between pial microvessels and cerebral cortical microvessels [16] and conclude that there are many similarities between these two types of vessels. The authors do note however that tight junctions between cerebral microvascular endothelial cells were marked by consistent fusion of adjacent endothelial cell membranes, while the majority of endothelial cell junctions in pial microvessels were typified by membrane separation at the interendothelial cell cleft. Notably, parenchymal but not pial vessels were invested with astrocyte endfeet of the glial limitans. It is not clear at this time what effect, these differences might have on the barrier properties of microvessels in these CNS compartments.
While there appear to be parallels between pial and parenchymal microvessels, there is a differential display of adhesion molecules involved in leukocyte extravasation between more superficial pial or meningeal vessels and parenchymal vessels of the brain and spinal cord. Specifically, P-and E-selectin have been detected in microvessels of the subarachnoid space, primarily in venules, but not in the deeper parenchymal vessels [17] . This differential pattern of expression is consistent with reports of P-selectin mediated rolling of T-cells along meningeal vessels [18, 19] but not along the vessels within the spinal cord white matter where leukocytes do not roll but rather undergo immediate arrest [20] . Some studies have also suggested that regional differences in BBB chemokine expression are important determinants of leukocyte extravasation. In particular, polarized expression of the chemokine CXCL12 at the abluminal endothelial membrane has been identified in both parenchymal arterioles and venules, but CXCL12 relocation in MS and EAE appears to occur exclusively at the level of the post-capillary venule and correlates strongly with the perivascular infiltration of T-cells [21, 22] . The reasons for BBB heterogeneity remain unclear, but may relate to functional requirements for different regions of the vascular bed including immune effector responses and the initiation of parenchymal inflammation.
CNS immune privilege
The concept of immune privilege developed as a result of studies finding that antigenic material, including foreign tumors and tissue grafts, failed to elicit a systemic, T-cell mediated immunological response when transplanted into certain tissues including the brain parenchyma and corneal tissue (reviewed in [23, 24] ). Subsequent studies confirmed that in addition to xenografts, the immune privilege of the CNS extended to include bacteria, viruses, and viral vectors [25] [26] [27] [28] . These observations correlate teleologically with the limited regenerative capacity of the CNS, where tissue injury from an inflammatory response is potentially more damaging than in the periphery. Further, the brain parenchyma is encased within an inexpandable skull and therefore has no ability to accommodate changes in volume brought about by cellular infiltrates and/or swelling.
Presently it is recognized that the CNS immune privilege is not absolute and that foreign material implanted within the CNS can elicit an immune response, albeit one that is delayed and more carefully regulated than in the periphery [1] . In this sense, the CNS is more accurately described as an immunologically specialized site rather than immunologically privileged.
Interestingly, the location of the foreign material within the CNS has a significant effect on the severity of the immune response. The intensity of immune responses increases with proximity to the ventricles of the brain [29] [30] [31] [32] , and materials implanted within the subarachnoid space and meninges are capable of eliciting a robust immune response. The propensity of these sites to elicit a typical peripheral immune response suggests that the ventricular and subarachnoid CSF may function as sites of physiological immune surveillance. Consistent with this hypothesis, cellular infiltrates that accumulate within the meningeal membranes have been observed to arrange structures resembling secondary lymphoid structures [33] , while infiltrates within the parenchyma do not exhibit the features of lymphoid neogenesis. More recently, Kivisakk et al. have shown that CD4+ T-cells are restimulated within the subarachnoid space by encounters with MHC class II+ antigen presenting cells prior to the onset of inflammation in a murine model of CNS autoimmune disease, experimental autoimmune encephalomyelitis (EAE), providing further support to the concept of the subarachnoid space and meninges as a site of routine immunological surveillance [34] .
3. Chemokines displayed on the surfaces of post-capillary venules lead to the arrest, activation and adhesion of rolling leukocytes Contact between circulating leukocytes and vascular endothelium is initially promoted by fluid dynamics within blood vessels during a process called margination [35, 36] . Leukocyte margination describes the phenomenon whereby leukocytes flowing in a blood vessel tend to be positioned close to the vascular wall rather than within the rapidly flowing center of the vessel. This phenomenon occurs predominantly at low-caliber post-capillary venules, where blood flows relatively slowly. Further, red blood cells aggregate in the center of the vessel, displacing leukocytes to the periphery where the flow velocity is much lower [35, 37, 38] . Leukocytes at the blood-endothelium interface exhibit enhanced intercellular interactions, facilitating contact and tethering of leukocytes to the endothelial wall.
Rolling along the vascular wall slows the circulating lymphocytes considerably and permits the sampling of the lumenal surface of the endothelial cells, leading to activation of integrins on leukocytes resulting in adhesion strengthening and firm arrest [36, 39, 40] . Signals to activate integrins are transduced from the vascular wall to the rolling leukocyte by chemokines displayed on the endothelial lumen. Chemokines bind their receptors on the leukocyte surface and initiate G-protein coupled signaling that results in increased integrin binding affinity as well as clustering at the cell surface [40] [41] [42] [43] . Integrin activation leads to enhanced avidity of the adhesion molecule for its endothelial ligands which include members of the Ig-superfamily, specifically VCAM-1 and ICAM-1, as well as fibronectin CS1 epitope (FNCS1).
Chemokines are secreted molecules and are often described in terms of their ability to induce cellular migration along a chemotactic gradient. This idea implies that chemokines present within blood or interstitial fluid form soluble gradients that drive cell movement. In tissues however, chemokines are more commonly associated with extracellular matrix components or bound to cell surface proteoglycans [44, 45] . In this context, the differential display of chemokines along the endothelial surface in association with proteoglycans can provide arrest and migration cues that drive leukocyte migration.
Transendothelial migration can occur via two pathways
Integrin mediated adhesion of circulating lymphocytes to the vascular endothelium is followed by crawling along and then extravasation across the vascular wall. This transmigration step leads to the accumulation of lymphocytes in the perivascular space of the CNS and can occur via paracellular pathways between adjacent endothelial cells or directly through the endothelial cell itself via transendothelial migration. The mechanisms of endothelial transmigration in the peripheral vasculature have been studied intensively and much is now known concerning the interactions between adhesion molecules on extravasating leukocytes and the molecules that make up the interendothelial junctions (for review see [46, 47] ).
Platelet endothelial cell adhesion molecule-1 (PECAM-1 or CD31) is a transmembrane protein expressed at interendothelial junctions as well as on neutrophils, monocytes and some subsets of T-cells. PECAM-1 appears to play a role in guiding leukocytes to interendothelial junctions. In vitro and in vivo studies utilizing PECAM-1 blocking antibodies have demonstrated that blocking homophilic interactions between PECAM-1 on circulating leukocytes and endothelial cells causes leukocytes to accumulate at the apical side of the endothelium or on the abluminal side between the endothelium and the basement membrane [48] [49] [50] [51] . The location of immune cell accumulation in these studies appears to depend upon homophilic interactions between different Ig domains of the PECAM-1 protein located on the lumenal and abluminal side of the endothelium.
More recently the protein CD99, ubiquitously expressed on by leukocytes, has been identified at the apical surface of endothelial cells and also at interendothelial junctions. In vitro studies with HUVEC monolayers demonstrated that anti-CD99 blocking antibodies cause monocytes to accumulate between endothelial adjacent endothelial cells, with a portion of the monocyte visible on the apical side, while a portion of the monocyte was also detectable on the abluminal side between the endothelium and basement membrane [52, 53] . These results suggest that the expression of CD99 and PECAM-1 along the lumenal endothelial surface and at interendothelial junctions may be responsible for guiding leukocytes to and through the paracellular pathway.
While many of the relevant molecules in the transmigration cascade have been identified, at present it is not clear to what extent these molecules mediate passage through the transcellular versus the paracellular pathways [54] . Many of the adhesion molecules relevant for transendothelial migration are expressed at the lumenal endothelial surface as well as at the interendothelial cell junctions (PECAM-1, CD99, and ICAMs), making their relative contributions to these two pathways obscure. Other molecules, such as the junctional adhesion molecules (JAMs), ESAM, and VE-cadherin are expressed exclusively at endothelial cell junctions and may contribute solely to paracellular transmigration. The relative contribution of these pathways, remains to be determined, but likely depends upon numerous variables including the type of leukocyte extravasating, location within the vascular bed, the target tissue, and the initiating stimulus for transmigration.
Within the CNS, leukocyte entry across the endothelium can take place via the transcellular pathway, leaving interendothelial cell junctions intact [55, 56] . This may be due to the specializations of the endothelial tight junctions at the BBB, where the transmembrane protein strands comprising the junctional domain are more numerous and complex than in the peripheral tissues [11, 57] . T-cells within the CNS interact with the vascular wall either by rolling (superficial, and meningeal microvessels) or immediate capture (spinal cord white matter microvessels), However, T-cell transmigration appears to occur exclusively at the levels of the post-capillary venule. The reason for this specificity is not known but may relate to heterogeneity of the BBB with regard to anatomical organization, complexity of the tight junctions and expression of chemokines by the endothelium [4, 58] .
The activation state of the vasculature in different brain regions may also be an important determinant of the location of T-cell transmigration. Kivisakk et al. have shown that P-and E-selectin are expressed on meningeal vessels but not parenchymal vessels in humans both with and without CNS inflammation [17] . Further, CD4+ T-cells are restimulated by interactions with antigen presenting cells within the subarachnoid space during the early phases of EAE, followed by their proliferation and accumulation within the subarachnoid space and appearance within the spinal cord parenchyma at the onset of EAE signs [34] . Together these studies support the idea that the differential expression of adhesion molecules might direct leukocyte transmigration across superficial subarachnoid blood vessels into the subarachnoid space as an early event during immune effector responses within the CNS [59, 60] .
Chemokine expression at endothelial cell barriers outside the CNS: lessons from lymphoid and visceral tissues
The expression patterns of endothelial cell chemokines depend on their cellular sources and whether they are translocated from abluminal to lumenal surfaces of venules where they can exert actions towards circulating leukocytes. A critical aspect of chemokine function, therefore, is their localization along endothelial cell surfaces and extracellular matrix. In this section, we will discuss the evidence that immobilized chemokines play a role in leukocyte selection for entry and response within lymphoid and visceral tissues during immune surveillance and in response to inflammatory cues.
Chemokine display in lymphoid tissues
The discovery of chemokines as agents of leukocyte mobility and directed migration led to numerous in vitro analyses examining the movement of cells towards increasing concentrations of soluble chemokines using Boyden chambers [61] . Although these studies were critical for elucidating many aspects of chemokine biology, they fostered the notion that leukocytes respond to soluble chemokine gradients in vivo. It is now apparent that chemokines immobilized on endothelium and extracellular matrix direct rolling leukocytes to firmly adhere to the endothelium through integrin activation [62] . Interactions with surface matrix molecules are believed to provide a mechanism to concentrate and localize chemokines, preventing their rapid diffusion into blood and tissue fluids with subsequent loss of immunological effects [63] . Also, because sheer stress, as demonstrated by experiments performed under physiological flow conditions [64] [65] [66] , is critical for chemokine-mediated integrin activation, arrest and crawling of leukocytes, chemokine immobilization is likely to be crucial for the recruitment of leukocytes across endothelial cell barriers.
Although the extracellular matrix molecules responsible for chemokine binding are unknown, chemokines are highly basic proteins, which typically interact well with glycosaminoglycans (GAGs), acidic, sulfated linear polysaccharides that are major components of extracellular matrix. Although there are at least six major classes of GAGs, studies examining chemokine interactions with this group of molecules have focused primarily on binding to heparin [67] . Many chemokines contain well-established heparin-binding domains and exhibit conformational changes upon interaction with heparan sulfate proteoglycans [68] [69] [70] . In in vitro systems, immobilized heparin mediates chemokine oligomerization while solubilized heparin displaces membrane-associated chemokines from cultured endothelial cells and decreases the transendothelial migration of T-cells [71, 72] . Mutations that inhibit binding to heparin do not affect chemokine binding to cognate receptors yet diminishes their ability to induce cell migration in vivo [73] [74] [75] . Indeed, systemic heparinization of patients leads to increased plasma levels of the proinflammatory chemokines CXCL9, CXCL10 and CXCL11, which decrease upon subsequent administration of the heparin antagonist protamine [72] . Chemokine classes exhibit rank order of affinity for GAGs and single chemokines may exhibit different forms of GAG-binding epitopes, suggesting additional regulatory mechanisms for chemokine display along the extracellular matrix [67, 76] . These data confirm the importance of chemokine oligomerization and GAG binding and support the notion that chemokines are not likely to exert their in vivo effects via soluble concentration gradients.
Leukocyte recruitment into peripheral tissues
The migration of leukocytes into peripheral tissues relies on the combined expression of chemokine receptors, adhesion molecules and lipid chemoattractant receptors. These receptors allow leukocytes to interact with endothelial cell barriers and gain access to parenchymal tissues as part of immunosurveillance or control of pathogens. Several of these adhesion molecules have been shown to convey tissue-specific homing properties to memory T-cells, such as CCR7 and CD62L into lymphoid tissues, cutaneous lymphocyteassociated antigen (CLA), CCR4 and CCR10 into skin and α4β7 integrin and CCR9 into gut [77] . During inflammation, a stereotypical pattern of adhesion and chemokine receptor expression occurs on leukocytes that generally match the inflammatory-mediated induction of proinflammatory chemokine ligands and adhesion receptors at endothelial cell barriers. Thus, migration of leukocytes occurs across inflamed endothelium, which display one or more chemokines immobilized along the lumenal surface via binding to GAGs. In support of this, inactivation of genes involved in heparin sulfation resulted in decreased leukocyte extravasation in inflammatory models with a reduction in L-selectin-mediated adhesion and in the transcytosis and binding of chemokines to endothelial cells [78] . Circulating leukocytes are recruited into inflamed tissues mainly in small vessels such as capillaries and venules. Consistent with this, chemokine expression is higher in microvascular endothelium than in aortic endothelial cells. Low shear stress was found to activate endothelial chemokine production via cell surface heparan sulfates, beta3-integrins, focal adhesion kinase, MAP kinase p38beta, mitogenand stress-associated protein kinase-1 [79] .
During inflammation vascular endothelium in most tissues upregulate E-and P-selectin and chemokine ligands of chemokine receptors expressed by cells of both innate and adaptive immune responses. While some of these chemokines are upregulated at the mRNA level in response to proinflammatory cytokines, the endothelium of certain tissues also stores chemokines within Weibel-Palade bodies (WPBs). WPBs are organelles that stores molecules, such as P-selectin, that can be rapidly released in response to inflammatory cues, such as TNF-α, to mediate tethering and rolling of leukocytes. CXCL8, for example, is found in WPBs of intestinal and nasal mucosal endothelium, and is rapidly released in response to histamine or thrombin [80] [81] [82] . Although microvascular endothelium within the CNS does not contain stored P-selectin, despite that fact that they contain WPBs [83, 84] , IL-1β and TNF-α have been shown to lead to P-selectin upregulation, providing a means for tethering of leukocytes at the endothelium specifically during inflammatory states. Chemokines also induce leukocyte movement to interendothelial junctions where they extend their processes to seek abluminal chemokines, which then localize transendothelially migrating leukocytes to perivascular sites where GAG-immobilized chemokines establish haptotactic gradients [66, 85] .
The endothelial display of several proinflammatory chemokines has been studied in detail. CXCL10 is selectively upregulated by injured renal microvascular endothelium within tubulointerstitial area while CCL2 is upregulated at the glomerulus and tubulointerstitium, the former correlating with T-cell infiltrates and the latter with monocyte entry at these distinct sites. Anti-CXCL10 antibodies decreased T-cell infiltration and improved renal function [86, 87] .
DARC is expressed on endothelial cells of capillaries and postcapillary venules and on epithelial cells within the inflamed synovium, kidney and lung. During inflammation, endothelial DARC is involved in the transport of chemokines from the inflamed tissue to the lumenal side of the endothelium, facilitating leukocyte recruitment and aggravating inflammation. In the lung, chemokines are presented on the pulmonary endothelium, causing neutrophils to adhere and transmigrate into the lung parenchyma [88] . DARC was recently shown to limit PMN migration into the alveolar space via RBC-mediated chemokine sequestration. Use of bone marrow chimeric mice using wild-type vs. DARC-deficient mice, however, did not reveal a role for endothelial cell DARC in leukocyte trafficking [89] . An alternative method of chemokine display along endothelial surfaces is exhibited by CX 3 CL1. CX 3 CL1 is released from the cell surface by constitutive and inducible protease cleaving [90] . Once cleaved, CX 3 CL1 is not captured by the extracellular matrix, suggesting it exerts its effects as a mucin stalk or in solution [91] . CX 3 CL1 is expressed by TNF-α-and IL-1-activated endothelium within the kidney and heart where it induces integrin-independent leukocyte capture, acting as an adhesion molecule [92] [93] [94] . In the CNS, CX 3 CL1 is expressed by neurons and recent data suggest that it is important for the recruitment of NK cells at this site [95, 96] , as discussed later.
Expression and function of chemokines and chemokine receptors at the BBB
Compared to peripheral tissues, less is known regarding the expression and regulation of lymphoid and inflammatory chemokines within the brain microvasculature. Several homeostatic or lymphoid chemokines are known to be expressed by the blood vessels of the CNS, including CCL19, CCL21, and CXCL12 as discussed in detail later. In contrast to the lymphoid chemokines, the expression of inflammatory chemokines has not been as well characterized at the human or murine BBB in vivo, however several inflammatory chemokines have been identified in in vitro preparations of brain microvascular endothelial cells including CCL2 [97] [98] [99] , CCL4 and CCL5 [100] . These molecules bind chemokine receptors expressed by activated mononuclear cells including CCR1, CCR2, and CCR5 [101] . Use of mice with targeted deletions of these chemokines and their receptors revealed a role for CCL2 and CCR2 in the induction of EAE via effects on infiltrating monocytes [102] [103] [104] [105] [106] [107] [108] [109] [110] . Studies examining both mice and individuals without functional CCR5 have excluded a role for this receptor in susceptibility to EAE (in mice) or MS (in humans) [111, 112] . Further research utilizing in vitro as well as in vivo approaches is necessary to elucidate the role of inflammatory chemokines in neuroinflammation and CNS autoimmunity. The remainder of this section focuses on the homeostatic chemokines that have been identified within the CNS microvasculature and their potential role in CNS inflammation.
CCR7 and CCL19/CCL21
The chemokines CCL19 and CCL21 are known as homeostatic, or lymphoid, chemokines due to their role in guiding B-cells, naïve T-cells, and mature dendritic cells (DCs) into lymphoid tissue under physiological conditions [113, 114] . Within the CNS the expression of lymphoid chemokines has been examined under normal as well as neuroinflammatory conditions such as MS and its mouse model EAE. Alt et al., using SJL mice with actively induced EAE, examined the expression of an array of chemokines in brain and spinal cord tissue sections [115] . While several chemokines were expressed in parenchymal tissue and inflammatory cells during EAE, only CCL19 mRNA transcripts were constitutively expressed on the endothelial cells of post-capillary venules in normal as well as EAE brains and spinal cords. In addition, CCL21 transcripts were induced at postcapillary venules during EAE. Further, the authors of this study found that encephalitogenic T-cells stained positively for CCR7 and CXCR3 and that adhesion of these T-cells to frozen sections from EAE brains was inhibited by preincubation with CCL19 and CCL21. The expression of these lymphoid chemokines at the BBB and their ability to attract CCR7 expressing encephalitogenic T-cells led the authors of this study to speculate that these typically homeostatic chemokines may contribute to maintaining chronic CNS inflammation in EAE.
The role of CCL19 and CCL21 in EAE was further characterized in relapsing-remitting and chronic relapsing models in SJL and Biozzi AB/H mice respectively [116] . CCL19 mRNA levels in CNS tissue homogenates were found to be low under normal condition but increased with disease progression in both models, while CCL21 levels were low to undetectable under all conditions. Further, CCL19 protein was expressed by some astrocytes and microglia within the parenchyma and immune cells accumulating in the meninges, but not the endothelial cells of post-capillary venules. CCL21 protein expression was not detected, except in meningeal vessels of the spinal cord in some atypical cases in which mice developed chronic stable EAE. The expression of these lymphoid chemokines in the CNS during EAE led these authors to suggest that CCL19, and to a lesser extent CCL21, may function to signal circulating lymphocytes that would normally home to the lymphoid tissues. The expression of these chemokines during neuroinflammation would then help to retain CCR7 positive T-cells within the CNS and favor interaction with mature DCs. CCL19 and CCR7 interaction in the CNS in EAE may thus be responsible for the local retention of memory T-cells and contribute to maintaining cycles of neuroinflammation.
Expression of the chemokines CCL19 or CCL21 in transgenic mice led to CNS inflammation when CCL21, but not CCL19, was ectopically expressed by oligodendrocytes [117] . In mice expressing the CCL21 construct, approximately 70% displayed motor deficits and tremors and did not survive past 4 weeks, while CCL19 expressing mice showed no such clinical signs and developed normally. CCL21 expressing mice were found to have leukocytic infiltrates that were predominantly neutrophils and eosinophils, reactive gliosis of microglia and astrocytes, and defects in myelin sheaths that resulted in hypomyelination of the parenchyma and spinal cord. Interestingly, expression of CCL21 did not lead to lymphocyte infiltration, indicating that the expression of CCL21 alone is not sufficient to promote lymphocyte trafficking to the CNS. The ability of CCL21, but not CCL19, to induce CNS inflammation led the authors to speculate that CCL21 may be acting through a distinct chemokine receptor from the shared CCR7 receptor, possibly through the receptor CXCR3, which can be expressed by microglia [118] [119] [120] [121] .
Kivisakk et al. examined the expression of CCR7, CCL19 and CCL21 in brain autopsy material and CSF samples from MS patients [122] . These authors found large numbers of CCR7+ cells in the inflammatory cuffs of MS lesions, a subpopulation of which also expressed MHC type II and CD86, indicating antigen presenting competence and suggesting that these cells may be maturing DC's. However, in contrast to previously reported EAE models, CD3 positive T-cells in acute and chronic MS lesions did not express CCR7. Further, within the CSF of MS patients the majority (N90%) of T-cells, expressing a central memory phenotype, also expressed CCR7. In pooled CSF samples of patients with inflammatory neurological diseases, including MS, a subpopulation of CSF DCs (~33%) expressed CCR7. Overall, however, DCs comprised about 0.5% of CSF cells. This study also reported no CCL19 or CCL21 protein expression in endothelial or parenchymal cells of non-lesioned white matter or in active or chronic MS lesions, but did find strong CCL21 immunoreactivity within the choroid plexus epithelium. The authors of this paper suggest a model in which activated microglia and parenchymal macrophages express signals, including CCR7, associated with maturing DCs. These CCR7 positive cells are available to restimulate central memory T-cells locally. Subpial macrophages might also transport myelin associated antigens from the CNS via the CSF to deep cervical lymph nodes. According to this scenario, after priming in the periphery, central memory T-cells enter the CSF, in part via signaling between CCR7 and CCL21 or CCR6 and CCL20 expressed by the choroid plexus epithelium [123, 124] and are stimulated to differentiate into effector type upon restimulation by APCs within the meninges.
In humans, CCL19 and CCL21 expression levels have also been determined in tissue samples of patients with neuroinflammation including MS as well as other inflammatory neurological disorders [125] . Under normal conditions, CCL19 transcripts were detected in brain tissue homogenates, while expression levels were elevated in homogenates from active and inactive MS lesions. CCL21 expression levels were very low under all conditions. CCL19 protein levels in lysates of brain tissue as well as CSF samples were found to be elevated in MS. Despite the presence of low levels of CCL21 mRNA transcripts in CNS tissue, no CCL21 protein was detected in brain tissue lysates or CSF samples from normal or MS patients. The authors did however report positive CCL21 staining of brain endothelial cells. The authors of this study attribute the differences in CCL21 expression levels between human and animal models of disease to the presence of one CCL21 gene in humans, compared to the presence of 2-3 CCL21 genes in mice. Based on the constitutive expression of CCL19 within the CNS tissues, the authors speculate that this lymphoid chemokine may function in physiological immune surveillance of the CNS by recruiting and retaining CCR7 expressing T-cells. Further the authors of this study propose that the expression of CCL19 also functions to recruit other types of immune cells to the CNS including B-cells which also express the chemokine receptor CCR7.
CXCR4/CXCR7 and CXCL12
The chemokine CXCL12, or stromal cell-derived factor 1 (SDF-1), is a potent chemoattractant for monocytes and lymphocytes [126] . CXCL12 is expressed as three alternatively spliced isoforms within the CNS, with CXCL12α expressed by neurons and CXCL12β and CXCL12γ expressed by endothelial cells [127] . In the periphery CXCL12 and its receptor CXCR4 play important roles in the patterning of the immune system, as embryonic expression of CXCL12 plays a role in chemoattraction and proliferation of CXCR4 expressing B-and T-cell precursors. Similarly, CXCL12 and CXCR4 are involved in patterning and plasticity of the central nervous system both during development as well as in the modulation of synapse formation [128] . These parallel roles for CXCL12 and CXCR4 in immune and nervous system function suggest an avenue for crosstalk and communication between these two systems (reviewed by [129] ).
Within the central nervous system, the expression patterns for CXCL12 and CXCR4 are widespread and include the cortex, olfactory bulb, hippocampus, cerebellum, meninges, and the endothelium of the BBB. Further, CXCR4 expression has been detected in numerous types of cells including astrocytes, microglia, oligodendrocytes, neurons, and endothelial cells of the BBB [130] [131] [132] [133] . Interestingly, these studies have identified the endothelium of the BBB as a source of the chemokine ligand CXCL12 as well as its receptor CXCR4, suggesting a role for CXCL12 in recruiting CXCR4+ circulating lymphocytes but also a potential feedback mechanism for CXCR4 expressed at the BBB.
Krumbholz et al. identified CXCL12 protein expression along the blood vessels of the BBB as well as in astrocytes and noted that CXCL12 expression was increased in both inactive and active MS lesions [133] . These initial observations of CXCL12 expression at the BBB were expanded by McCandless et al. who studied the role of CXCL12 at the BBB of mice in an active immunization model of EAE [22] . CXCL12 message was expressed in unimmunized mice and levels were significantly increased in mice at peak of clinical disease. CXCL12 expression was localized to the vasculature of the spinal cord where CXCL12 protein was detected along the abluminal surface of the endothelial cells of the BBB in unimmunized mice and mice 10 days post-immunization. In contrast at 14 days post-immunization, during peak of disease, CXCL12 polarity is lost and its localization shifts toward a more lumenal expression pattern, which was associated with dense perivascular infiltrates of CXCR4 positive mononuclear cells. Treatment of mice with the CXCR4 antagonist AMD3100 during the induction of EAE led to significant worsening of disease associated with more widespread parenchymal infiltration, increased demyelination, and larger lesion areas. Similar studies in a viral model of encephalitis produced identical results with regard to CXCR4+ leukocyte trafficking, but in this case associated with improved viral clearance [134] . Taken together these results suggest that abluminal expression of CXCL12 at the CNS vasculature is important in restricting the parenchymal access of CXCR4-expressing immune cells, which are instead localized to perivascular spaces (Fig. 1) .
A subsequent study extended these findings to human neuroinflammation, comparing CXCL12 and CXCR4 expression in tissue specimens from MS and non-MS patients [21] . Similar to mice, in non-MS patients and uninflamed regions of the MS brain, CXCL12 expression was polarized primarily along the parenchymal facing surface of the endothelial BBB in both arterioles and venules of the CNS. Consistent with EAE in mice, CXCL12 polarity was lost in CNS venules of MS patients, with CXCL12 expression shifting from the abluminal to lumenal endothelial surface, while CXCL12 polarity was maintained in CNS arterioles. Morphometric analysis indicated that CXCL12 relocation was associated with the presence of perivascular infiltrates within active MS lesions, which exhibited activated CXCR4, as detected with an antibody that recognizes the phosphorylated form of the receptor. The display of CXCL12 was also associated with the detection of activated CXCR4 on leukocytes within the blood Fig. 1 . CXCL12 receptors regulate leukocyte access to CNS parenchyma. Within the CNS, CXCL12 expression is localized to the microvasculature along the parenchymal facing surface of endothelial cells under physiological conditions. This abluminal expression pattern of CXCL12 functions to retain CXCR4 and CXCR7 expressing leukocytes within the perivascular space, preventing their access to the brain parenchyma proper. In neuroinflammatory conditions such as the animal model EAE and in human MS, CXCL12 polarization is lost and CXCL12 translocates towards the vessel lumen. CXCR4 and CXCR7 expressing leukocytes lose their localizing cues and can infiltrate further into the parenchymal tissues subsequently inducing demyelination. Further, display of CXCL12 along the lumenal endothelial surface may provide further signaling to circulating CXCR4/CXCR7
+ T-cells leading to increased T-cell recruitment and transendothelial migration.
(McCandless, Piccio et al. [21] ), suggesting that relocation of CXCL12 not only promotes the egress of leukocytes from perivascular spaces but also increases their capture at the BBB. Mechanistic details of CXCL12 relocation at the BBB remain unclear, but recent evidence has pointed to a role for the proinflammatory cytokine IL-1β [135] . Injection of mice with IL-1β induces pathologic relocation of CXCL12 at the BBB while injection of TNF-α does not. Further, IL-1β receptor knockout mice are protected from EAE and do not exhibit CXCL12 relocation, while TNF-α receptor knockout mice showed loss of CXCL12 polarity.
Until recently it was believed that CXCL12 mediated its effects exclusively via interactions with CXCR4, however the receptor CXCR7, formerly the orphan receptor RDC1, has now been shown to bind CXCL12 as well as CXCL11 [136, 137] . While CXCR7/RDC1 possesses homology with conserved domains of G-protein coupled receptors and is structurally similar to other CXC receptors, ligand binding does not initiate typical intracellular signaling pathways. In particular, CXCR7 binds CXCL12 with high affinity but ligand binding does not induce intracellular calcium mobilization or cell migration. However CXCR7 expression does confer growth and survival advantages and increased adhesive strength in vitro [137, 138] . Other studies investigating the role of CXCR7 as a signaling receptor have given conflicting results [136, [139] [140] [141] [142] [143] .
Another potential role of CXCR7 in regulating CXCL12 mediated signaling may involve the ability of CXCR7 to bind to and sequester CXCL12, regulating local CXCL12 levels in the extracellular space. Boldajipour et al. demonstrated that CXCR7 expression was critical in regulating primordial germ cell migration in the developing zebrafish by its ability to bind and internalize CXCL12 [144, 145] . CXCR7 expression within the somatic environment functioned to sequester and regulate the extracellular level of CXCL12 and thereby control the migration of CXCR4 expressing primordial germ cells. Studies demonstrating such effects in mammals have not been reported.
CXCR7 expression within the CNS of rats was detected via in situ hybridization, with CXCR7 mRNA transcripts identified in the ventricular ependyma, the choroid plexus, neuronal and astroglial cells as well as cells of the vasculature [146, 147] . After cerebral ischemia, CXCR7 mRNA levels increased along some blood vessels suggesting that CXCR7 may be involved in angiogenesis after ischemia, a role that would be consistent with previous reports of CXCR7 expression during cardiac development [139] and tumor angiogenesis [148] . While these studies have identified the CNS vasculature as a source of CXCR7 within the CNS, the function of CXCR7 in regulating lymphocyte trafficking into the central nervous system in normal as well as pathological conditions remains undefined. Importantly, CXCR7 expression at the mRNA level is not uniformly followed by protein production, indicating translational control.
Some clues however may be provided by a recent study by Zabel et al. that described a role for CXCR7 in regulating CXCL12/CXCR4 mediated transendothelial migration (TEM) [149] . Using human umbilical vein endothelial cells (HUVECs) grown on transwell membrane inserts, the authors demonstrated that CXCR7 was expressed on the endothelial surface via flow cytometry, although it was not noted whether receptor expression was restricted to the lumenal or abluminal side of the cells. TEM assays clearly demonstrated an essential role for CXCR7 in guiding CXCR4/CXCL12 mediated migration of human tumor cells expressing both CXCR4 and CXCR7 receptors. Further, the endogenous ligand CXCL11 or a novel small molecule CXCR7 receptor antagonist CCX771 were capable of binding endothelial CXCR7 and inhibiting TEM. Interestingly, although the migration was driven by CXCR4-CXCL12 interactions, the CXCR7 antagonist CCX771 was more than 100 times more potent at inhibiting TEM than the CXCR4 receptor antagonist AMD3100. Taken together these results suggest an important role for CXCR7 in mediating the TEM of circulating tumor cells. Whether this receptor plays a similar role in mediating the TEM of circulating immune cells remains to be determined. [150] . Studies utilizing the EAE model indicate that CX 3 CR1 is required for the trafficking of regulatory NK cells into the CNS, which refrain disease severity [96] . Consistent with this, CX 3 CR1-deficiency was recently associated with increased disease severity in experimental autoimmune uveitis [151] . In contrast, neutrophil recruitment to the CNS in the setting of EAE is associated with worsening disease severity [152] , promoting leukocyte infiltration and extensive demyelination. Neutrophils, granulocytes traditionally associated with clearance of bacterial pathogens, express CXCR1 and CXCR2, which bind CXCL1 and CXCL2, respectively. Recent studies identifying molecular cues involved in neutrophil recruitment indicate that Th17 expressed by infiltrating CD4+ T-cells mediates the CNS expression of CXCL1 and CXCL2, which are required for CNS neutrophil recruitment and induction of EAE [153] . These authors also demonstrated that neutrophil depletion prevented induction of EAE and that transfer of wild-type neutrophils into CXCR2−/− mice, which are resistant to EAE, restored susceptibility.
Innate immune cell entry into the CNS
Chronic over-expression of the inflammatory cytokine IL-1β within the central nervous system using a transgenic mouse model led to BBB disruption, hippocampal CCL2 expression, and infiltration of leukocytes including T-cells, macrophages, DCs, and neutrophils [154] . Interestingly, leukocyte entry into the CNS did not lead to overt neuronal degeneration despite neutrophil infiltration that persisted as long as one year after induction of IL-1β expression. Neutrophil infiltration in this study also coincided with hippocampal upregulation of the neutrophil chemoattractants CXCL1 and CXCL2. Induction of IL-1β in mice lacking CXCR2, the neutrophil receptor for CXCL1 and CXCL2, led to a 96% reduction of neutrophil infiltration, but did not significantly reduce BBB disruption. Taken together these results suggest that IL-1β is a potent stimulus for leukocyte infiltration to the CNS including the recruitment of neutrophils, however IL-1β expression alone is not sufficient to induce neuron inflammation or degeneration.
Within the CNS, microglia act as the main form of immune defense and share many phenotypical and functional characteristics of peripheral macrophages [155] . In many CNS pathologies, including neuroinflammation, microglia alter their morphology and phenotype and proliferate rapidly, a phenomena termed microgliosis [156, 157] . While the response of microglia to CNS inflammation has been well characterized, the origin of these cells remains controversial. Many studies have relied upon bone marrow chimeras produced by irradiating mice to kill the host's bone marrow cells and injecting labeled bone marrow cells from a non-irradiated donor. A drawback to these studies is that injecting bone marrow cells into the peripheral circulation may lead to the non-physiological presence of hematopoetic precursors persisting within the circulation. Additionally, irradiation has been shown to lead to the induction of inflammatory cytokines and BBB disruption [158, 159] which may permit the entry of hematopoetic cells that would otherwise be excluded from the CNS.
To circumvent these issues, Ajami et al. used parabiosis to join the circulatory system of two mice, one of which expressed GFP in all non-erythroid hematopoetic cells [160] . In parabiotic recipients, 30-40% of the circulating hematopoetic cells became GFP positive. Despite the presence of GFP positive hematopoetic cells within the circulation, the authors were unable to demonstrate the presence of GFP positive microglial cells within the CNS parenchyma under normal conditions. Additionally, there were no GFP positive cells within the CNS parenchyma during both acute and chronic models of CNS microgliosis, indicating that CNS microglia are capable of rapid and sustained self-renewal.
Further these authors demonstrated that irradiation of the parabiotic recipient, but not the donor, did not induce the infiltration of peripheral hematopoetic cells into the CNS. The results of this study suggest that the presence of donor-derived microglial cells in the recipient CNS parenchyma reported in previous bone marrow chimera studies [161] [162] [163] [164] [165] may result from the non-physiological introduction of bone marrow progenitor cells into the peripheral circulation, along with cranial irradiation. Mildner et al. investigated the role of radiation treatment in bone chimera studies using a targeted radiation approach whereby mice received selective-body radiation that spared the head [166] . Microglial populations in these protected mice excluded peripheral blood derived macrophages under normal conditions as well as during acute microgliosis and chronic neuroinflammation (using cuprizone induced corpus callosum demyelination). Together the studies by Ajami et al. and Mildner et al. demonstrate that CNS irradiation is necessary but not sufficient to permit blood myeloid cells in the periphery to cross the BBB into the CNS and reside as parenchymal microglia. Finally, in irradiated bone marrow chimeras and adoptive transfer experiments Mildner et al. identified peripheral monocytes expressing Ly-6C and CCR2 as being preferentially recruited to the CNS during microgliosis and inflammation. The authors identify this monocyte subpopulation as the direct precursor to parenchymal macrophages with microglial morphology in the adult brain, suggesting that these cells may be used as vehicles to deliver genes or other therapeutics across the BBB to the CNS.
Concluding remarks
In this review we have outlined the role of chemokines in providing cues to extravasating leukocytes, directing their movement into peripheral tissues as well as those of the CNS. The immobilization of chemokines along the endothelial surface via binding to cell surface proteoglycans and extracellular matrix proteins provides important localizing cues for circulating immune cells. Further, the presentation and translocation of these chemokines between lumenal and abluminal endothelial surfaces are critical in promoting leukocyte adhesion and transendothelial migration into secondary lymphoid organs or peripheral tissues. Within the CNS, less is known regarding the mechanisms and movement of chemokines along the cerebral vasculature in normal and pathological conditions. Studies on the role of chemokines in neuroinflammation suggest a role for homeostatic chemokines including CCL19, CCL21 and CXCL12 in autoimmune disease models, such as EAE, and in the important neurologic condition MS. CXCL12 expression in the normal CNS is restricted to the abluminal or parenchymal facing vascular surface, while in MS CXCL12 translocates toward the vessel lumen leading to parenchymal infiltration and subsequent demyelination. These studies suggest that abluminal CXCL12 expression may be important in restricting parenchymal tissue inflammation within the CNS. The role of inflammatory chemokines at the CNS microvasculature remains undefined and is primarily limited to in vitro studies. Regardless, it is clear that the localization of chemokines within the CNS microvasculature is important in controlling leukocyte access to parenchyma and the molecular mechanisms regulating the movements of these chemokines in neuroinflammation will be crucial in developing novel therapeutics specifically directed towards diseases of disrupted immune privilege, such as MS.
